ABSTRACT
INTRODUCTION
AEM Elettricità supplies electricity to Milan city and the nearby town of Rozzano. AEM Elettricità is part of A2A group SpA. The present dimension of the company was established in 2002 when AEM Distribuzione incorporated the remaining supply network and business branch of Enel Distribuzione in Milan. AEM Elettricità manages a MV (Medium Voltage) and LV (Low Voltage) network of 3800 km and 5760 km, respectively. The number of customers is about 850.000 with a maximum output power of 1540 MW. The medium voltage network is organised in four different voltage levels, namely 23 kV (2800 km), 15 kV (80 km), 9 kV (750 km) and 6.4 kV (140 km). The level of 23 kV was chosen for the progressive unification of the MV network replacing the cable of the remaining voltage levels. The 6.4 kV network is the oldest and has been almost completely eliminated while 15 kV network is of marginal consistency. The 9 kV network is also being removed gradually and its replacement will be completed in about 10 years; then it is of particular interest to verify its state of ageing to confirm if the original plan can be maintained or if it is necessary to speed up the replacement to continue managing the network with acceptable failure rate (in line with the targets set by Italian Regulatory Authority for Electricity and Gas). Aim of the research presented in the paper is the determination of the ageing state of 9 kV cable based on onsite and laboratory tests.
MAIN CHARACTERISTICS AND CONDITIONS OF 9 kV NETWORK
Typically, for 9 kV level, cables with the following main characteristics are used: copper conductors, impregnated paper with a normal/stabilised compound, non-radial electric field, lead sheath and PVC outersheath. It is to be underlined that the insulation is oversized and suitable for voltages up to 15 kV. The average failure rates (expressed as number of failures per 100 km per year) are available for each MV level, and namely: 2.2 for the 23 kV voltage (ex AEM Distribuzione), 9.7 for the 9 kV voltage and 4.6 for the 23 kV voltage managed before 2002 by ENEL Distribuzione. Figure 1 shows the failure distribution in 9 kV network in the period of time [2005] [2006] [2007] [2008] . It is shown that approximately 68% originate on the joints, 25% failures are due to cables and the remaining due to different causes. The failure causes of on the cables mainly depend on the corrosion of the lead sheath with consequent deterioration of the insulation. The main causes of joints failure are the unsuitable type of filling compound used and the difficulty to control the electric field in the area where the cable three phases open. As mentioned, joints represent the most critical component of the underground 9 kV network. For setting up an optimised maintenance and replacement plan it is therefore important to understand if also the cable is in a very aged state. Replacement of the entire link is generally advisable in case of very aged cable while a proper maintenance to identify the most critical points of the line ad take suitable actions is advisable if the cable condition is still good or at least adequate to withstand network stresses.
DIAGNOSTIC TESTS
An experimental diagnostic campaign in field and in laboratory was planned with the aim of verifying the condition of network components, identifying the portions of the oldest network that need priority for replacement and verifying the effectiveness of diagnostic techniques to be used on site to avoid interruptions of service to customers. Field tests were based on measurement and location of Partial Discharge (PD) activity and measurement of loss angle (tg ). Laboratory tests were performed on samples of 9 kV Level: Component Failure Distribution 9 kV JOINT 9 kV CABLE 9 kV OTHER CAUSES ! " cables removed from service; in addition to the measurements performed on site, tests were carried out using two methods made commercially available in the recent years. These methods are particularly suitable for the diagnostic of paper insulated equipment. The first method is the measurement of Polarisation and Depolarisation Current (PDC) [1] . The system using a model of the tested object evaluates the measurement and provides different diagnostic indicators that can be used for a deep analysis of the insulation and so it allows a more precise assessment of the cable condition. The main test parameters are the voltage to be applied to the test object (in the range 0 -2 kV DC ) and the duration of current measurements (in the range 1s -200000s). Current measurement duration shall be optimised: for example setting a measuring time of 20000s for both polarisation and depolarisation current will make the test to last more than 11 hours, a duration unsuitable for on site diagnostic of MV cables.
The second recently developed method is the Frequency Domain Spectroscopy (FDS) [2] , that is the measurement of tg over a wide frequency range (from 0,1 mHz to 1 kHz). The equipment provides a series of sinusoidal voltages at specified frequencies evaluating, at each step, the dielectric response of the test object. The test voltage can be set by the User in the range 0-140 V (rms values) as well as the frequency range. A sweep over the entire frequency range may take about 10 hours.
On site tests
About 70 underground lines (for a total length of 60 km) were investigated and the same number will undergo a similar diagnostic campaign in the near future. PD tests were performed using a system supplying a damped oscillating voltage (DOV). The applied voltage was gradually increased from 1 kV up to 2U 0 and PD activity measured at different voltage levels; in case of very high activity the test was stopped at lower voltages. A system delivering a sinusoidal voltage at 0.1 Hz (VLF) was used for tg measurement. The measurements were performed at three different voltage levels in the range 1U 0 -2U 0 . The results of the tests have shown two cables with very high values of tg and one point (in the cable) generating a very high level of PD, see examples of figures 2 and 3. One joint was immediately fixed, while the other lines identified as very aged have been left in service. After about two years from the diagnostic campaign, two joints and a cable identified as non critical failed. The failure analysis highlighted that water penetration was the cause of the failures. Water penetrated in the cable because of lead sheath corrosion and in the joints because of wrong type of filling compound used that could not guarantee the correct joint sealing. 
Laboratory tests
The entire 9 kV underground network is based on belted PILC cables having a service age comprised in the range 20 -70 years. The design of the cables is expected to be quite similar but basic material (paper and impregnating compound) have changed over a so long time span. Three periods of time were identified as moments of important development of the network: for each period some cable samples (without accessories) were removed from service to be analysed in laboratory. The average length of the samples is about 5 m. Several measurements were performed on the removed samples at high and low voltages. PD activity (with both DOV and power frequency PF) and tg with PF and VLF were measured at high voltage (up to 1.5U 0 ), PDC and FDS systems were used at low voltage. Some measurements were performed at ambient temperature as well as at higher temperatures to investigate the related influence. At the end of the diagnostic campaign, breakdown test, visual and chemical analysis on cable components were also performed to have a better insight of insulation real ageing state.
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PD measurements resulted in a very limited activity with both voltage stresses; in few cases PD activity was detected but it was verified by an acoustic sensor that weak points were located in the area where the cable three phases open.
Tg measurements were performed in two different configurations: the first stressing one phase at a time being the other two connected to the grounded lead sheath, the second stressing the three phases connected in parallel for a total of 4 measurements per sample. Generally no significant differences were evidenced among the different measurements indicating an homogeneous ageing condition of the samples. For sake of simplicity in presenting the results in the following pictures, only one measurement is reported for each cable sample. Figure 4 shows tg values measured at 1U 0 and at 1.5U 0 with PF; it can be noted that independently from service age the measured values are quite low and comparable to those typical of new cables. For VLF stress the agreement is quite good in most cases, the higher differences could be justified by small differences on cable temperature during tests. In fact as shown later, the temperature of the sample is a very important parameter especially in the low frequency region for older cables. Moreover, the figure shows that the minimum value of the curve is comprised in a frequency range from few Hz to about 100 Hz. This feature, constant for all the measured samples, justifies the decrease of tg value at PF when increasing sample temperature as shown in figure 5 . Even if the minimum tg values measured for all the samples with FDS system are very similar, the shape of the curves exhibit some differences. In particular, as shown in figure 9 , younger sample have flatter curve than older ones. For the measurement with PDC system, a voltage of 500 Vdc was chosen after comparison of measurement results at different stress values; a polarisation and depolarisation time of 4000 s was chosen, for a total test duration of about two hours. As already mentioned from the recorded currents the system has the possibility to investigate different possible diagnostic indicators and namely: tg values at different frequencies, polarisation index, polarisation spectrum, return voltage parameters, insulation resistance and evaluation of humidity in the insulation system. For all the samples the measurements were performed at ambient temperature only. Figure 10 shows a comparison between tg values measured by FDS system and those calculated by PDC system. The figure shows that the agreement is excellent in the frequency range 0.0001-1Hz, while for higher frequencies an important difference can be noted, due to the particular test sequence used by PDC system. The values of the different diagnostic indicators were reported as a function of service age to verify the presence of a correlation. Figure 11 shows the maximum value of return voltage. It can be seen that the voltages relevant to the younger cables have lower values than all the others, while the values belonging to the other two groups are not clearly separated. figure 12 where the maximum power frequency overvoltage expected in 9 kV AEM Elettricità system is also displayed. For obtaining further information on the real aging of the insulation system, cables taken to breakdown were disassembled for visual and chemical/physical analysis. In the oldest cable the external armour was heavy corroded but the impervious lead sheath guaranteed a perfect seal against water or other contaminant ingress and inner components were still in good conditions. Figure 13 shows two insulating paper tapes taken from a 21 yr cable (upper) and from a 68 yr old cable (bottom), respectively. The figure clearly shows the change of colour of the paper tape of the older cable sample. Chemical analyses were performed on small quantities of compound taken from insulation of cables with the aim of identifying the presence of typical products of ageing. At the purpose FT-IR Spectroscopy was used. The aim was to detect the presence of CO bond (at 1693 cm -1 ) that is a product of the ageing process of the insulation [3] . Figure 14 shows the spectra of a young and an old sample. on old sample and absence of same peak on young cable. The 'reference' peaks, typical of impregnating compound, are located between 3000 and 2800 cm -1 . Moreover, paper tapes, taken from the belt area of the cables, were used for other tests: determination of water content, degree of polymerisation and the tensile strength. The results obtained are reported in table 2. The chart is divided into three zones according to the service age of the cable. It can be noted that for each zone different degrees of ageing conditions are identified, but in any case for the youngest cables the "green" evaluation is prevalent, for the oldest cables several red and yellow evaluations are present and the middle aged cables have an intermediate colour distribution. Considering that no very critical cables were found, it was decided to induce artificial defects on some samples. The defects chosen aimed to simulate real defects and namely the penetration of humidity inside the insulation and leakage of insulating compound. The lead sheaths were cut on two cables, having a service age of about 20 and 70 years, and the samples immersed into water. The terminations were removed from a third sample having a service age of 70 years approximately. The cable was hanged with the removed termination up-side down, in such a way to allow the spilling of impregnating compound. A heating tape was wrapped around the cable to increase the temperature to ease paper draining. Diagnostic measurements were performed at regular interval. Figure 16 shows for sample C1 the variation of tg curve as a function of immersion in water time. The figure shows that after 46 days tg variation in the very low frequency zone is negligible, while it is more consistent for frequencies higher than 0.1 Hz. In particular, the minimum value is increased confirming that it is correlated to humidity content of the insulation. After 46 days of immersion in water, tg of the immersed cable was measured with VLF at the voltage levels of 6 and 9 kV, the values being 14*10 -3 and 36*10 -3 respectively.
Breakdown / Withstand Test
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Values measured on the same cable and at the same voltage levels before starting the ageing were 8.6*10 -3 and 9.7*10 -3 , respectively. This seems to indicate the importance of carrying out measurements at different voltages. Increasing the voltage a failure was obtained at a voltage of 12 kV. Measurements of tg as a function of draining time were performed on cable C9; the results do not show any appreciable variation with respect to initial condition. On the same cable PD measurements were performed after 15 heating cycles with PF and DOV. Figure 18 shows the results obtained with PF stress at U 0 .
Figure 18: PD pattern of "drained" cable
The figure shows a clear PD activity typical of internal defects. The maximum level of about 300 pC makes this measurement not very sensitive for on site application. PD measurements performed with DOV on the sample show a similar pattern with a PD level of several thousands of pC.
CONCLUSIONS
A diagnostic campaign was carried out with the aim of assessing the insulation condition of 9 kV cables of AEM Elettricità. Electrical tests were performed on site and in laboratory. Laboratory tests were carried out on cable samples removed from service and representative of installed population; moreover chemical/physical analyses were performed on insulation system components. 
